Pretreatment tumor metabolic burden, measured using fluorine-18 fluorodeoxyglucose positron emission tomography/computerized tomography ( 18 F-FDG PET/CT), has been demonstrated to predict outcomes in various types of malignancies. Additionally, Epstein-Barr virus (EBV) serum titer is associated with stages of pulmonary lymphoepithelioma-like carcinoma (LELC). The present study aimed to investigate the prognostic value of the functional parameters of 18 F-FDG PET/CT in pulmonary LELC and their association with serum EBV DNA. The present retrospective study analyzed data from 71 patients with pulmonary LELC; among these, 32 patients with pulmonary LELC underwent pretreatment 18 F-FDG PET/CT staging between January 2008 and December 2016. EBV viral load and functional parameters of 18 F-FDG PET/CT were used for survival analysis. Multivariate analysis identified tumor stage IV as a significant predictor of poor progression-free survival [hazard ratio (HR), 4.85; P=0.049], whereas elevated total metabolic tumor volume (MTV ≥72.6 ml) independently predicted worse overall survival (OS; HR, 12.59; P=0.024). Pretreatment serum EBV DNA titer was significantly positively associated with total MTV (P=0.0337) and total lesion glycolysis (TLG; P=0.0093), but could not predict outcomes. Total MTV was an independent predictor of OS, and may guide clinical management for pulmonary LELC. Abbreviations: EBV, Epstein-Barr virus; 18 F-FDG PET/CT, fluorine-18 fluorodeoxyglucose positron emission tomography/computerized tomography; LELC, lymphoepithelioma-like carcinoma; MTV, metabolic tumor volume; NPC, nasopharyngeal carcinoma; SUV max , maximum standardized uptake value; PFS, progression-free survival; OS, overall survival; TLG, total lesion glycolysis Key words: prognosis, fluorodeoxyglucose positron emission tomography/computerized tomography, metabolic tumor volume, Epstein-Barr virus DNA, pulmonary lymphoepithelioma-like carcinoma
Introduction
Primary pulmonary lymphoepithelioma-like carcinoma (LELC) is a rare lung malignancy (1, 2) and patients with primary pulmonary LELC have an improved prognosis compared with patients with other types of lung cancer (2) (3) (4) ; however, few prognostic factors have been described (1) .
The utility of fluorine-18 fluorodeoxyglucose positron emission tomography/computerized tomography ( 18 F-FDG PET/CT) for staging patients with lung cancer has been previously validated (5) and a number of studies have discussed the usage of 18 F-FDG PET/CT in pulmonary LELC (6, 7) . Su et al (8) have recently demonstrated that 18 F-FDG PET/CT can more accurately stage cancer and better predict outcomes in patients with pulmonary LELC. Additionally, the functional parameters of 18 F-FDG PET/CT, including maximum standardized uptake value (SUV max ), metabolic tumor volume (MTV) and total lesion glycolysis (TLG), which represent tumor metabolic activity, entire tumor burden and overall metabolic activity, respectively, are known predictors of Metabolic tumor volume predicts overall survival in patients with primary pulmonary lymphoepithelioma-like carcinoma outcomes in several malignancies, such as breast, rectal cancer and lung cancer (9) (10) (11) (12) . However, to the best of our knowledge, the prognostic value of these parameters in patients with pulmonary LELC remains unknown.
Similar to that of nasopharyngeal carcinoma (NPC), the etiology of pulmonary LELC is substantially associated with Epstein-Barr virus (EBV) infection in Asian individuals (13) , and serum EBV titers in pulmonary LELC are associated with tumor size and stage (14) . Furthermore, circulating EBV DNA may be positively associated with tumor burden (15) .
Based on the aforementioned results, combined evaluations of imaging parameters and blood biomarkers may lead to the development of improved therapeutic approaches for patients with pulmonary LELC. Therefore, the present study aimed to investigate the prognostic value of the functional parameters of 18 F-FDG PET/CT in patients with pulmonary LELC, and to understand the association between these parameters and EBV DNA load.
Materials and methods
Patients. Between January 2008 and December 2016, 71 individuals with pulmonary LELC were managed at Linkou Medical Center of Chang Gung Memorial Hospital (Taoyuan, Taiwan). This cohort has been previously described (4, 8) . Pulmonary LELC was diagnosed in all patients based on pathology findings and according to the World Health Organization criteria (16) . The present study excluded all patients who had undifferentiated carcinoma without dense lymphoid infiltrates. Routine nasopharyngeal evaluations were performed in all patients to exclude metastatic NPC. Patients with incomplete medical records and those who did not undergo pretreatment 18 F-FDG PET/CT evaluation were excluded from the present study. A total of 32 adult patients who underwent pretreatment 18 F-FDG PET/CT for staging were included, comprising 12 men and 20 women with a median age of 60.5 years (range, 48-87 years). All patients were followed up until June 2017 or until death.
Staging was performed according to the 7th Edition of the American Joint Committee on Cancer guidelines (17) . Data on sex, age, smoking status, baseline serum EBV DNA levels, stage, imaging findings and outcomes were obtained. Restaging scans were obtained at 3-month intervals during treatment and were evaluated by a radiologist based on the Response Evaluation Criteria in Solid Tumors, version 1.1 (18) . Follow-up information was gathered from patient medical records, and progression-free survival (PFS; defined as time from treatment to time of progression or death) and overall survival (OS; defined as time from treatment to time of death) were calculated. EBV DNA was extracted from plasma samples and amplified using quantitative PCR as described previously (19) . Plasma EBV DNA concentration was expressed as the number of copies of EBV genome/ml of plasma (20) .
Imaging and analysis of 18 F-FDG PET/CT. All patients were asked to fast for ≥4 h prior to the 18 F-FDG PET/CT scan. Blood glucose concentrations were measured prior to positron emission tomography (PET) studies, and the cut-offs were <120 mg/dl for non-diabetic patients and <200 mg/dl for diabetic patients. Subjects in the resting state were administered intravenous injections of 18 F-FDG (5.18 MBq/kg of body weight), and images were captured at 50 min after tracer administration. Delayed phase images were acquired 90 min after intravenous tracer injection if equivocal lesions were suspected. The MTV and TLG were calculated only for 50-min images. Whole-body PET/computed tomography (CT) emission scans were obtained from the base of the skull to mid-thigh in a Discovery ST16 scanner (GE Healthcare) or a Biograph mCT scanner (Siemens Healthineers). Low-dose CT was used for attenuation correction of PET data and images were reconstructed using CT-based attenuation correction based on an ordered-subset expectation maximization interactive reconstruction algorithm (4 iterations and 10 subsets for the Discovery ST16; 2 iterations and 21 subsets for the Biography mCT). Axial spatial resolution of PET at the center of the gantry, using these reconstruction parameters, was determined to be 4.80 and 2.16 mm for the Discovery ST16 and Biograph mCT scanners, respectively. The SUV max was obtained by drawing regions of interest over the most intense slice of the primary tumor within lesions in the lung and mediastinum. MTV was measured by an SUV-based automated contouring program, which used attenuation-corrected torso 18 F-FDG PET images. Boundaries were drawn to include the primary tumor and metastatic sites in axial, coronal and sagittal 18 F-FDG PET/CT images, and voxels within the contouring margin that had an SUV intensity >2.5 were incorporated to define the MTV. Total MTV was calculated by adding the MTVs of all malignant lesions in each patient. TLG was calculated by multiplying the MTV of each lesion with the corresponding mean SUV (TLG = mean SUV x MTV) (21, 22) , and total TLG was calculated by adding the TLGs of all malignant lesions in each patient. Parametric quantification of MTV and TLG was performed using the Syngo MI Workplace software platform, syngoMMWP version VE40A (Siemens Healthineers).
Statistical analysis. Categorical variables were compared using Fisher's exact test and are presented as numbers (percentages) or median values with ranges. The correlation between PET parameters and plasma EBV DNA load was evaluated using Pearson's correlation analysis. Kaplan-Meier survival analysis was used to analyze PFS and OS. Receiver operation characteristic (ROC) curves were used to determine cut-off values for SUV max , total MTV and TLG. Univariate comparison of survival utilized the log-rank test. All analyses were two-sided. P<0.05 was considered to indicate a statistically significant difference. Statistical analyses were performed using Prism (version 5; GraphPad Software, Inc.) and SPSS (version 20.0; IBM Corp.).
Results
Patient characteristics. Of the 71 patients with pulmonary LELC, only 32 adult patients who underwent pretreatment 18 F-FDG PET/CT for staging were included, and their data were analyzed. The demographic characteristics of this cohort of patients, comprising 12 men and 20 women with a median age of 60.5 years (range, 48-87 years), are summarized in Table I . A total of nine patients (28.1%) were former or current smokers. Limited to the retrospective nature to this study, the serum EBV DNA level was checked in only nine (28.1%) patients prior to treatment, all of whom exhibited elevated EBV DNA levels (median, 532 copies/ml; range, 66-146,000 copies/ml).
Associations among tumor stage, EBV DNA load and 18 F-FDG PET parameters. The cohort comprised 10 (31.3%) stage I, five (15.6%) stage II, 11 (34.4%) stage III and six (18.8%) stage IV patients with cancer. Tumor stage was significantly associated with total MTV (R 2 =0.53; P<0.0001) and total TLG (R 2 =0.40; P= 0.0002, Table II ). Pretreatment serum EBV DNA load at baseline, evaluated in nine patients, exhibited a significant positive correlation with total MTV (R 2 =0.63; P=0.0337) and total TLG (R 2 = 0.77; P= 0.0093, Table II ). Data on post-treatment serum EBV DNA load was available for 8 patients, including one patient who succumbed to nosocomial pneumonia after surgery and four who remained alive and disease-free with no detectable serum EBV DNA after therapy.
Survival analysis. During a median follow-up period of 34.1 months (range, 5.1-104.8 months), there were six cases of mortality (five patients succumbed to cancer progression; one patient succumbed to pneumonia and severe sepsis), and tumor progression or recurrence was observed in 11 patients. For survival analysis, the cut-off values that were selected based on ROC curve analysis for categorization of low and high tumor SUV max , total MTV, total TLG and serum EBV DNA, were set at 13.7 (area under the curve (AUC), 0.65; P=0.298), 72.6 (AUC, 0.9; P=0.0056), 278.4 (AUC, 0.9; P=0.006) and 236 (AUC, 0.75; P=0.4386) copies/ml, respectively. Univariate analysis demonstrated that high total MTV (≥72.6 ml) was associated with poor PFS (hazard ratio (HR), 3.60; 95% CI, 1.2-37.6; P= 0.030; Table III) , whereas multivariate analysis identified only stage IV tumors as independent predictors of worse PFS (HR, 4.85; 95% CI, 1.0-23.3; P= 0.049; Table II) . Although high EBV DNA load (≥236 copies/ml) exhibited a trend toward poorer PFS, this was not identified to be statistically significant (Fig. 1) .
Median OS was significantly shorter in patients with stage IV tumors, high total MTV (≥72.6 ml) and high total TLG (≥278.4 g) compared with patients with low MTV and low TLG (P<0.05; Fig. 2 ). Furthermore, only high total MTV (≥72.6 ml) was a predictor of OS according to multivariate analysis (HR, 12.59; 95% CI, 1.4-113.7; P=0.024; Table IV) .
Two patients with stage IV pulmonary LELC who exhibited divergent values for pretreatment total MTV and total TLG exhibited different outcomes ( Fig. 3 ).
Discussion
Several functional parameters of 18 F-FDG PET, including SUV, MTV and TLG, have been demonstrated to predict outcomes in numerous solid organ tumors, such as breast, colorectal and lung cancer (9) (10) (11) (12) . To the best of our knowledge, the present study is the first that discusses prognostic values and the association of EBV DNA load and pretreatment 18 F-FDG PET parameters in primary pulmonary LELC, which is probably due to the rarity of the disease. The present study demonstrated a significant positive association between pretreatment serum EBV DNA load and total MTV or TLG levels. Stage IV tumors were independently associated with poor PFS, and a high total MTV was the only identified predictor of worse OS.
Primary pulmonary LELC is morphologically similar to NPC (1,2,4) and is associated with EBV infection in Asian individuals (13, 14, 23) . Ma et al (24) have demonstrated a positive association between plasma EBV DNA load and MRI-based tumor burden in NPC. Additionally, a study by Chang et al (22) in Taiwan involving 108 patients suggested that tumor TLG, nodal TLG, total TLG and tumor SUV max were all significantly associated with plasma EBV DNA load in patients with NPC. However, to the best of our knowledge, the association between EBV viral load and PET parameters in pulmonary LELC has not been previously explored. Although pretreatment serum EBV DNA load was evaluated in only nine patients in the present study, it was significantly positively Table III . Cox proportional hazards model of progression free survival. associated with total MTV and total TLG, suggesting that the plasma EBV viral load is associated with active tumor burden. Plasma EBV DNA load in patients with NPC has been demonstrated to have a high prognostic value with respect to long-term survival and distant metastasis in one meta-analysis (25) . Chang et al (14) reported that elevated EBV serology titers represent higher tumor stage and larger tumor size in patients with pulmonary LELC. Furthermore, Ngan et al (15, 26) demonstrated that the circulating EBV DNA load is associated with treatment response. The results of the present study suggested that EBV DNA load may be positively associated with tumor burden. Data on EBV DNA load before and after treatment was not available for eight patients, and although four patients who had no detectable serum EBV DNA after therapy remained disease-free, the prognostic value of serum EBV DNA could not be evaluated due to the small sample size.
Univariate analysis Multivariate analysis
Compared with conventional CT, PET/CT provides morphological and functional information relevant to cancer management (21) . Su et al (8) reported that stage and pretreatment 18 F-FDG PET were independent prognostic factors of OS in patients with pulmonary LELC; however, that study did not evaluate the prognostic value of functional parameters of 18 F-FDG PET. The most commonly used parameter is SUV max , which represents maximum FDG uptake in a region of interest, and greater FDG uptake by a tumor is associated with worse survival in patients with surgical and non-surgical lung cancer (27, 28) . Previously, Shen et al (29) have revealed that SUV max is a predictor of OS in patients with recurrent NPC. However, since SUV max largely depends on tumor size, its prognostic value is questionable (30) . Notably, Hoang et al (31) have described contradictory results and suggest that SUV max does not exhibit a significant association with survival in patients with advanced non-small cell lung cancer.
Regarding volumetric PET parameters, MTV represents metabolically active tumor volume on PET images (32) . Lee et al (33) have demonstrated that MTV has prognostic value for PFS and OS in patients with non-small cell lung cancer who are treated definitively. Additionally, alterations in MTV following treatment are also significantly associated with survival in patients with lung cancer (34, 35) . Another prognostic PET parameter is TLG, which combines volumetric and metabolic information (21) . Chung et al (36) reported that total MTV and TLG are independent prognostic factors of PFS and OS in patients with advanced lung adenocarcinoma in Korea. Another retrospective study by Wang et al (37) 
Univariate analysis
Multivariate analysis revealed that high TLG was an independent predictor of poor PFS in patients with epidermal growth factor receptor (EGFR)-mutated advanced lung adenocarcinoma, and of poor PFS and OS in patients with wild-type EGFR carrying lung adenocarcinoma. By contrast, in the patients with pulmonary LELC examined in the present study, neither SUV max nor TLG were identified to be associated with PFS or OS. Only stage IV tumors predicted worse PFS. Additionally, the present study demonstrated that only MTV was significantly associated with OS in multivariate analysis. This may be due to TLG being affected by another crucial constituent of TLG, i.e., mean SUV. There were several limitations in the present study. First, this was a retrospective study, which may have led to a few biases. Pretreatment serum EBV DNA was not routinely evaluated in all patients and posttreatment EBV DNA was not regularly followed up. Second, for the majority of patients, 18 F-FDG PET/CT scans were only performed once, and changes of PET parameters could not be evaluated. Additionally, all measurements were from a single center and the sample size was small due to the rarity of the disease. Additionally, the use of MTV and TLG in clinical practice may be premature due to a lack of standardized estimation methodology. A number of different methods and a wide range of threshold levels have been proposed to calculate volume-based PET/CT parameters (38, 39) . Another factor is the use of two different PET/CT devices [Discovery ST16 scanner (GE Healthcare) and Biograph mCT scanner (Siemens Healthineers)] in the present study, which can affect the measurement of SUV and volumetric PET parameters since SUV measurements can be influenced by a variety of biological factors, including body weight and blood glucose level, and technological factors, including inter-scanner variability and image reconstruction parameters (40) . However, to the best of our knowledge, the present study was the first to demonstrate the predictive value of 18 F-FDG PET/CT functional parameters in pulmonary LELC, and provide relevant and useful information to clinicians.
Although not considered prognostic, pretreatment serum EBV DNA levels were closely associated with MTV and TLG of 18 F-FDG PET/CT in patients with pulmonary LELC. Total MTV was found to be an independent predictor of OS and could be valuable for guiding decision-making during pulmonary LELC management. Further prospective, large-scale studies are warranted to validate the findings of the present study and to evaluate the prognostic values of changes in PET functional parameters following treatment.
